We systematically study total reaction cross sections of carbon isotopes with N = 6-16 on a proton target for wide range of incident energies, putting an emphasis on the difference from the case of a carbon target. The analysis includes the reaction cross sections of 19, 20, 22 C at 40 AMeV, the data of which have recently been measured at RIKEN. The Glauber theory is used to calculate the reaction cross sections. To describe the intrinsic structure of the carbon isotopes, we use a Slater determinant generated from a phenomenological mean-field potential, and construct the density distributions. To go beyond the simple mean-field model, we adopt two types of dynamical models: One is a core+n model for odd-neutron nuclei, and the other is a core+n+n model for 16 C and 22 C. We propose empirical formulas which are useful in predicting unknown cross sections.
I. INTRODUCTION
Reactions of unstable neutron-rich nuclei with a proton target are of current interest [1, 2] since such reactions are at present the major means to sensitively probe the matter densities of exotic nuclei, especially the region of nuclear surface. If one appropriately selects incident energies, protons could be more sensitive to neutron distributions than proton distributions of nuclei.
The structure of carbon isotopes has recently attracted much attention. Several works have been done already experimentally [3, 4, 5, 6] and theoretically [7, 8, 9, 10, 11] . For example, the structure of 22 C has been studied by two (W.H. and Y.S.) of the present authors in a threebody model of 20 C+n+n. They showed that it has a Borromean character [12] .
The purpose of this paper is to report a systematic analysis of the total reaction cross sections of carbon isotopes incident on a proton at energies from 40 AMeV to 800 AMeV, and predict the cross sections of neutron-rich isotopes. We also estimate the cross sections contributed by protons or neutrons in the nuclei of carbon-isotopes. This study is motivated by an ongoing measurement of the reaction cross section of 22 C at RIKEN [13] . Recently, we have performed systematic analyses of total reaction cross sections of carbon isotopes on 12 C for wide energy range using the Glauber model [14] . We found reasonable parameterizations of nucleon-nucleon scattering amplitudes, and obtained fairly good agreement with available data. We predicted the total reaction cross section of a neutron-rich isotope, 22 C on 12 C, and obtained a sizable effect of the extended surface. Another purpose of this study is to discuss the advantage and disadvantage of a proton and a carbon target.
In this paper, we adopt the same prescription as our previous work [14] for describing the nuclear structure, and calculate the total reaction cross sections of protoncarbon isotopes similarly to the case of 12 C target. We calculate systematically total reaction cross sections for wide energy range using the Glauber model. Of course, we should note that the model may not be so good at 40 AMeV.
We treat the interactions of proton-proton and protonneutron separately. The wave functions of carbon isotopes are generated based on a simple mean-field model. To go beyond that, we adopt two types of dynamical models: One is a core+n model for an odd N nucleus, and the other is a core+n+n model for 16 C and 22 C. The reason for the latter model is explained in Ref. [14] . We do not take into account the Coulomb potential, which would affect the magnitude of the cross sections for the low energy processes to some extent, but, for the present discussion, the effect is minor. This paper is organized as follows: The reaction models for the calculations of reaction cross sections are presented in Sec. II. We explain our input data in Sec. III. We present the cross section calculation in Sec. IV. The contributions of the protons and neutrons inside an isotope to the reaction cross section are presented in Sec. V. Summary is given in Sec. VI. In Appendix, we discuss the parameterization of the nucleon-nucleon scattering amplitude.
II. THE GLAUBER MODEL FOR REACTION CROSS SECTION CALCULATIONS
Here we summarize our basic formula for the following discussions.
The total reaction cross section of proton-nucleus collisions is expressed as
where b is the impact parameter vector perpendicular to the beam (z) direction, and χ(b) is the phase-shift function defined below. We calculate this quantity using the Glauber theory. The Glauber theory provides us with an excellent framework to describe high energy reactions. In this framework, the optical phase-shift function (the elastic S-matrix) for proton-nucleus scattering is given by [15] 
where ψ 0 is the intrinsic (translation-invariant) Anucleon wave function of the projectile's ground state (A is the mass number of the projectile), and s i is the projection onto the xy-plane of the nucleon coordinate relative to the center-of-mass of the projectile. Here τ 3i is 1 for neutron and −1 for proton. When we apply this framework to low energy processes, such as the one less than 100 MeV, its usefulness should be carefully assessed. As a prescription, we carefully choose the parameters of the nucleon-nucleon scattering amplitude so as to reproduce the reaction cross sections of proton-12 C scatterings in consistent with those of 12 C-12 C scatterings [14] . The profile function, Γ pN , for pp and pn scatterings, is usually parameterized in the form;
where α pN is the ratio of the real to the imaginary part of the pp (pn) scattering amplitude in the forward direction, σ tot pN is the pp (pn) total cross sections, and β pN is the slope parameter of the pp (pn) elastic scattering differential cross section. We parameterize the nucleon-nucleon scattering amplitude with a single Gaussian, because we find that double Gaussians give numerically almost the same reaction cross sections as the single Gaussian. We discuss this point in Appendix.
There are several approximate expressions of the Glauber model on the market. We explain some of the expressions below.
In the optical limit approximation (OLA), the phaseshift function of proton-nucleus scattering is given by
with
where χ p (χ n ) implies the phase shift due to the protons (neutrons) inside the nucleus. The function ρ p (r) is the proton density distribution, and ρ n (r) is the neutron density.
In the few-body (FB) calculation, the OLA is used for the integration involving the coordinates of the core nucleons, while the integration for the valence-nucleon coordinate is performed without any approximation [16, 17, 18, 19] . In this treatment, Eq. (2) is reduced to the following expression for the case of core+n configuration:
where ϕ 0 is the single-particle wave function of the valence nucleon and b C is the impact parameter between the proton and the core. The phase-shift function, χ Cp , of the proton-core scattering is defined in exactly the same way as Eq. (4). The proton-neutron phase-shift function, χ pn , is defined through the relation; exp(iχ pn (b)) = 1 − Γ pn (b). In this paper, we adopt both Eqs. (4) and (6) to calculate the phase-shift function.
In the discussion below, we adopt the kinematics of the projectile's rest frame. We specify processes by the energy of an incident proton. For example, the energy of 40 AMeV of an incident nucleus of the mass number A in the proton-fixed frame corresponds to the energy of 40 MeV of an incident proton in the projectile's rest frame.
III. INPUT DATA
In this section, we list the input quantities in the calculations of the reaction cross sections, and give some discussions.
The inputs for Eq. (2) are the projectile's intrinsic Anucleon wave function and the parameters of the pp and pn profile functions. For Eq. (4), we need only proton and neutron intrinsic densities and the parameters of the profile functions. For Eq. (6), we need the single-particle wave function for the valence neutron as well.
The parameters of Γ pp and Γ pn are taken from Refs. [20, 21] . In Ref. [20] , the experimental values of σ pp , σ pn , α pp and α pn are listed in energy range from 20 MeV to 300 MeV.
The parameters β pp and β pn are determined from the fact that the total elastic cross section, σ el pN , is equal to the total cross section in this energy range, since only the elastic scattering is energetically possible until the pion production threshold is open. For the profile function, Eq. (3), we have [17] 
Since σ el pN = σ tot pN , we can derive the following expression for β pN ;
The experimental data of Ref. [20] and the β pN values determined from Eq. (9) are listed in Table I . In Ref. [21] , all the needed parameters are listed in the energy range from 100 MeV to 1000 MeV. They are also given in Table I. For the energy higher than 300 MeV, β pN is determined from Eq. (8) using both the data of σ el pN and σ tot pN . The data on σ el pN are taken from PDG tabulation [22] and the uncertainty of the data is fairly large.
As we show in Appendix, the description of the pn elastic differential cross section with these parameters is reasonable, but not perfect especially in the forward direction. Fortunately, this does not affect the total reaction cross sections. We discuss it in some detail in the appendix.
The densities that we use here are constructed from a core+n model for the odd isotopes, 13, 15, 17, 19 C, where the cores are 12, 14, 16, 18 C, respectively. For 16, 22 C, a core+2n model is assumed. The densities of the carbon isotopes are displayed in Fig. 1 , and the corresponding root-meansquare (rms) radii are summarized in Table II . The detail of these densities can be found in Ref. [14] .
IV. PREDICTION OF THE REACTION CROSS SECTIONS
Here we show our numerical results of the total reaction cross sections of proton-carbon isotopes reactions.
Before we predict the reaction cross sections for the isotopes, we first show how well our densities and the pa- rameters of the profile functions fit the experimental data of the proton-12 C total reaction cross sections. In Fig. 2 , we compare the numerical results with the experimental data over the energy range from 40 MeV to 800 MeV. As one can see from the figure, they reasonably agree with each other over all the energy range. At energies lower than 100 MeV, where the data fluctuate by 15 % at most, our results follow the largest data. In this energy region, a systematic uncertainty of our approach is estimated to be about 15 %, which is consistent with the estimation by two of us (B.A.-I. and Y.S.) for the case of 6 He+ 12 C reaction 40 AMeV [23] . They confirmed that the eikonal approximation gives about 15 % larger cross sections than those by the quantum-mechanical (exact) calculation. Now we show our predictions for all the carbon isotopes at all the energies using the parameters given in Table I . The numerical results of the total reaction cross sections are summarized in Table III. Let us estimate the contributions of the breakup effect although it is expected to be small for a proton target. Equations (2) and (6) contain the breakup effect, while Eq. (4) does not. We compare them to estimate the breakup effect. As an illustrative example, we calculate the reaction cross section of a typical halo nucleus, 19 C, incident on a proton using Eqs. (4) and (6). We assume the structure of 19 C as 18 C+n with the one-neutron separation energy of 0.581 MeV [24] . The numerical results at 40 MeV and 800 MeV are 763 mb (758 mb) and 372 mb (373 mb) respectively when Eq. (6) (Eq. (4)) is used. The difference is less than one %, which is consistent with the results of Ref. [16] . The breakup effect can therefore be neglected. This validates our use of Eq. (4).
For convenience, we introduce the black-sphere radius, a, defined through [25] 
Following the Carlson's prescription [26] , we fit the numerical results by parameterizing the radius, a, using a simple geometric picture with a correction term;
This includes a A 1/3 correction in addition to the simple geometrical A 2/3 term. In Ref. [26] , Carlson used R p instead of C 0 here. He fitted the reaction cross sections of stable nuclei incident on a proton target in the energy range from 40 MeV to 560 MeV.
In Fig. 3 , we compare our numerical results (open circles) listed in Table III with the fit using Eq. (11) (solid lines) at 40, 100 and 550 MeV. The values of C 0 and r 0 extracted from the fit are given in Table IV . These values that we find are different from those obtained by Carlson, which are given in the parentheses in the table.
The parameter C 0 implies the strength of A 1/3 correction to A 2/3 -dependence of the reaction cross sections. The values in Table IV decrease with the energy, which is consistent with the geometrical picture of the cross section at high energy, because σ R ∝ A 2/3 for protonnucleus reaction. As one can see from Fig. 3 , the curves with our parameters nicely fits the numerical results for the stable isotopes as well as the neutron-rich unstable isotopes. The estimations with Carlson's parameters underestimates our numerical results for neutron-rich cases. This reflects an anomalous mass number dependence of the size of such exotic nuclei. Even with the new parameterization, the reaction cross section of 22 C is even larger than the fit, especially at 40 MeV. This would suggest an extended surface structure of 22 C. We believe that this simple fitting formula will serve as a reference for discussions of the total reaction cross sections.
Moreover, we empirically deduce the rms nuclear matter radii, using the black-sphere radius, a, of Eq. (10). If we assume a rectangular density distribution for nuclei, we obtain
This radius clearly depends on the incident energy. At around 100 MeV, this r BS value happens to agree reasonably well with r m listed in Table II . This suggests that we may empirically access to the rms nuclear matter radii of carbon isotopes just by measuring σ R at 100 MeV. This is consistent with the estimations in Ref. [25] . The authors of Ref. [25] pointed out that, for T p > ∼ 800 MeV, r BS almost completely agrees with the empirically deduced values of the rms matter radius for stable nuclei having mass A > ∼ 50, while it systematically deviates from the deduced values for A < ∼ 50 [25] . Since carbon isotopes belong to light nuclei, we may choose the energy which gives a little bit larger σ R to obtain r BS close to r m
We propose another empirical formula. For all the carbon isotopes, we find that the following relation is satis-fied over all the energy range:
with R(C) = 0.96 ± 0.05. Here N ≥ 7 and σ tot pp (σ tot pn ) is the proton-proton (proton-neutron) total cross section at a given energy. The value of R(C) is obtained by averaging the 153 numerical results (9 isotopes times 17 energy points) of the reaction cross sections, and 0.05 is the standard deviation of these points. At high energy, R(C) of Eq. (13) is very close to unity. In Fig. 4 , we plot R(C) for selected energies. Only at 40 MeV, some points come slightly below this relation, which would suggest the breakdown of the approximations, such as the fixed-scatterer approximation, contained in the Glauber model.
At least for carbon isotopes, the expression (13) indicates that if we know the reaction cross section of a stable isotope, we can predict the reaction cross section of other isotope within the error bar. Whether this holds for any nuclides or not is left for a future study.
Experimental data are expected to appear at around 40 MeV for 19,20,22 C [13] . Here we predict them. In Fig. 5 , we compare our prediction for the reaction cross sections of carbon isotopes with the available experimental data. The preliminary data of proton-22 C reaction cross section has been reported to be around 1000 mb with a large uncertainty [13] , which is consistent with our prediction.
For 22 C, we generate several densities that give different two-neutron separation energies of 0.489, 0.361, 0.232 and 0.122 MeV for the last two neutrons. All of them lie within the error bar of the experimental value, 0.423±1.140 MeV [24] . Using these densities, we calculate the reaction cross sections for proton-22 C reaction at 40 MeV in order to examine the separation-energy dependence. The results are listed in Table V . The change in radius from 3.6 to 4.1 fm gives change in the reaction Fig. 3 . The values in the parentheses are those of Carlson [26] . cross section of about 50 mb at 40 MeV. At 800 MeV, the change in the reaction cross section is about 10 mb. This gives an estimate of an uncertainty of our calculations.
V. THE NEUTRON CONTRIBUTION TO THE REACTION CROSS SECTION
Here we estimate that contribution to reaction cross sections which comes from the neutrons in the nucleus. Reactions with a proton are superior to those with a 12 C when we look into such separate contributions, because 12 C is equally sensitive to protons and neutrons. For the purpose of discussion here, we use the following relation:
Then we define the proton-nucleus reaction probability P A (b) and its decomposition into neutron and proton contributions, P n (b) and P p (b), as
where
where c + d = 1, and c and d represent the neutron and proton contributions from the interference term, respectively. Equation (1) is expressed as The values of c and d must satisfy the condition, c + d = 1, but the choice of them is not unique. Here we discuss two cases; 1) c = d = 1/2, 2) c = N/A and d = Z/A, to see the dependence of the choice. The former implies that both neutrons and protons contribute equally to the interference term, while the latter implies that the contribution of the neutrons and protons to the interference term is proportional to their numbers.
In Fig. 6 , we show our predictions of the total reaction cross section of proton-22 C reaction as a function of energy (solid curve). We also draw the neutron and proton contributions for c = d = 1/2 (dashdot-dotted and dash-dotted) and c = N/A, d = Z/A (dashed and dotted), respectively. Due to the fact that 22 C is very neutron-rich, we learn from this figure that the neutron contribution dominates the reaction cross sections. Also we find that the proton and neutron con- Figure 7 shows the reaction probability times 2πb of proton-12 C reaction as a function of the impact parameter, b. We plot 2πbP (b), because this quantity more directly reflects the contribution to σ R than P (b) itself. The solid curve represents the total reaction probability, P A (b), in Eq. (15) . The neutron contribution P n (b) is shown by the dashed curve and the proton contribution MeV. The experimental data are taken from Ref. [26] . The larger one is natural carbon at 42 MeV, and the smaller one is 12 C at 40 MeV. The energy is converted to the case of a proton target. The preliminary data for 22 C is about 1000 mb with a large uncertainty [13] . P p (b) is shown by the dotted curve. Here we draw only the case of c = d = 1/2. One can see from the figure that, at 40 MeV, the neutron contribution to the total reaction probability is about two times of the proton contribution, while at 800 MeV the proton contribution exceeds that of the neutron. This reflects the behavior that the pn total cross section, σ tot pn , is significantly larger than the pp total cross section, σ tot pp , at low energy region. Figure 8 displays the reaction probability of proton-22 C reaction, similarly to that of proton-12 C reaction. In contrast to the case of 12 C, the neutron contribution to the reaction probability is larger than that of the proton over all the energy range. Also, the reaction probability on the surface region comes mostly from the neutron contribution at all the energy range. This is due to the large extension of the neutron density, as shown in Fig.  1 .
The difference between the reaction probability of proton-12 C and that of proton-22 C is as follows: Let the probing position of the proton be an impact parameter at which 2πbP (b) becomes a maximum. The probing position for the case of proton-12 C at 800 MeV is at 2.0 fm, and the maximum height is about 10 fm, while they are about 2.7 fm and 13 fm in the case of 22 C. The reaction probability of proton-12 C at 800 MeV reaches zero at about 6 fm, while in the case of proton-22 C it reaches zero at about 10 fm. The major contribution comes from the region around the probing point, i.e., the surface.
In order to compare the sensitivity of the proton and carbon probes to the nuclear surface, we plot, in Fig. 9 , σ R (b)/σ R for three nuclei, 12 C, 19 C and 22 C, of different features as a function of the impact parameter, b, where σ R (b) is defined similarly to Eq. (1) but the upper limit of the integration is limited to b. The nucleus 12 C is a stable nucleus which has almost the same proton and neutron distributions, 19 C is a good example of one-neutron halo nucleus, whereas 22 C is a two-neutron halo nucleus with a long neutron tail.
As one can see from the figures, for each case, the major contribution comes from the surface region, which supports the above discussion. As a rough estimate of the extent to which the surface region is probed, we may use an impact parameter at which σ R (b) reaches 90 % of σ R . Then we take the difference of such impact parameters, ∆b, between 40 and 800 MeV incident energies. The increase of ∆b for the change of incident energy from 800 to 40 MeV is understood from the fact that the pn interaction becomes longer-ranged and stronger, which is reflected in the energy-dependence of β pn and σ tot pn . First we focus on the reaction cross sections for the proton target. The ∆b value increases from 0.6, 1.5 to 1.9 fm as the neutron density becomes more widely distributed for 12 C, 19 C and 22 C, respectively. This suggests that the proton target can probe the density distribution near the surface up to further distances as the interaction range increases. The corresponding ∆b value for the 12 C target case is 0.7, 1.3 and 1.6 fm for 12 C, 19 C and 22 C, respectively. Comparing ∆b values for the proton targets with those for 12 C targets, we can conclude that the 12 C target can probe the surface region equally to the proton target but is disadvantageous to probe the remote surface region of the spatially extended neutron distribution, such as 22 C, compared to the proton. This is due to the fact that the proton and neutron distributions in 12 C are very similar and that the nn(pp) interaction is shorter-ranged and weaker than the pn interaction.
It would be possible to probe the outer region of the density distribution by the proton target especially at lower energy, but, at very low energy, we have to note that the long wavelength of the proton leads to a low resolution to the resultant density distributions, which may prevent us from studying minute structures of the outer density in detail. 
VI. SUMMARY
We have made a systematic analysis of the total reaction cross sections for the carbon isotopes incident on a proton target for wide energy range, in comparison with the features of a carbon target. We have predicted the reaction cross sections especially at 40 MeV where the experimental data have been measured at RIKEN.
We have formulated this problem using the Glauber theory. The inputs are the parameters of nucleon-nucleon profile functions and the wave functions (densities) of carbon isotopes. The parameters of the nucleon-nucleon scattering are determined from the available experimental data. The densities are generated using the wave functions of the Slater determinant, which we used in our previous work [14] . To go beyond that, we use a core+n model for odd nuclei and a core+n+n model for 16, 22 C nuclei.
Having treated the interactions of proton-proton and proton-neutron separately, we have shown that the optical limit approximation of the Glauber theory gives almost the same results as the few-body calculation for the proton-nucleus reaction cross section over all the energy range used here.
For 22 C, we generate several densities which are constructed from the wave functions giving different separation energies of 0.489, 0.361, 0.232 and 0.122 MeV for the last two neutrons. All of them lie within the error bar of the experimental value, 0.423±1.140 MeV. The reaction cross sections calculated using these densities are 957, 969, 985 and 1005 mb, respectively, for proton-22 C at 40 MeV. Since the preliminary data of proton-22 C reaction cross section has been reported to be around 1000 mb with a large uncertainty, all of our predictions are consistent with the data, but the larger two values, 985 and 1005 mb, would be favorable. If so, the data may suggest very small S 2n .
At around 100 MeV, the values of r BS defined by Eq. (12) happen to agree reasonably well with r m listed in Table II , which suggests that we may empirically access to the rms nuclear matter radii of carbon isotopes just by measuring σ R at 100 MeV. We have found a parameter free new relation, Eq. (13). It helps us to predict reaction cross sections for various isotopes at a given energy if the reaction cross section value of some stable isotope is available.
Finally, we have made simple estimates for the contribution of the neutron and the proton to the total reaction cross sections. The major contribution to σ R comes from the surface region. Moreover, we have pointed out that a proton target can probe the surface region of the neutron-rich nuclei better than a 12 C target especially at lower incident energy. Here we discuss the parameterizations of nucleonnucleon scattering amplitudes. In the text, we parameterize it with a single Gaussian. We show here that the parameterization with double Gaussians gives numerically almost the same results for the reaction cross sections as the single Gaussian, and validates our use of the single Gaussian prescription.
We only show the case of pn scattering, because its contribution is more important for the neutron-rich isotopes than pp scattering, and also because, as we have discussed in Sec. V, the pn reaction dominates the proton-nucleus reaction cross sections especially at energies less than 100 AMeV.
In Fig. 10 , the numerical results of the pn elastic scattering differential cross sections calculated using the parameters of Ref. [20] the dashed curve. The agreement of the results with the data is reasonable, but not perfect especially in the forward direction.
Although the agreement with the data of the pn elastic differential cross section is imperfect, the expression of the single Gaussian well reproduces the reaction cross sections as in Table VI. For comparison, we perform fittings for the pn elastic scattering data in the energy range from 40 MeV to 100 MeV, using the parameterization of double Gaussians. 
where, σ 1 , α 1 , β 1 , σ 2 , α 2 and β 2 are fitting parameters determined from the requirement: 1) The optical theorem is satisfied.
2) The ratio of the real to the imaginary part of the pn(pp) scattering amplitude in the forward direction reproduces the experimental values.
3) The total elastic scattering cross section is equal to the total cross section. 4) The elastic scattering differential cross sections are reproduced.
The fitting results using the double Gaussians are displayed by the solid curves in Fig. 10 . The two sets of experimental data shown as 60 MeV in Fig. 10 are at 62 MeV (open circle) and 63 MeV (thick dot). As for the differential cross sections, it seems that the double Gaussians give better results.
In Table VI , we compare the numerical results of proton-12 C total reaction cross sections. The calculations using the double Gaussians are the fit, while those using the single Gaussian are obtained by the use of the parameters of Ref. [20] . The parameters of pp scattering are kept fixed. The experimental data are also shown in the table. The difference between the results of the reaction cross sections using these two parameterizations is a few % except at 60 MeV, but around this energy the data scatter widely and the difference between the numerical results and the data is not serious. Table I . The experimental data are taken from Ref. [28] .
TABLE VI: Total reaction cross sections of proton-12 C in mb calculated using the parameters given in Table I , and that determined from two Gaussian fitting for pn elastic scattering data. The experimental data are taken from Refs. [26, 27] . Thus, we conclude that the parameters listed in Table I works fairly well for the reaction cross sections. For simplicity, we adopt the parameterization with the single Gaussian throughout this paper.
